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Abstract: Rapid growth in the use of a wide variety of wireless communication devices has also engendered 
concerns about health effects of electromagnetic radiation on humans. This, in turn, has prompted the need to 
reduce the Specific Absorption Ratio (SAR) in mobile devices, e.g., smartphones, and has caught the attention 
of the mobile phone industry which has been constantly searching, albeit unsuccessfully, for a practical 
solution to the SAR problem. Unfortunately, coming up with an approach for SAR reduction for the new 
mobile terminals, one that meets the bandwidth, efficiency, size and cost requirements. This paper presents 
an approach, based on the combined use of graphene-type absorbing cards (R-cards) and metal sheets in a 
mobile handset, to reduce the SAR below the allowable limits. The paper performs a study to determine the 
size and position of the card that helps reduce the SAR levels below the specified limits, without unduly 
sacrificing the antenna efficiency. 

The paper begins with a representative antenna design for the handset, which meets the coverage 
specifications of various frequency bands (LTE: 750 MHz, 2.1/2.6GHz; and GSM: 800/900 MHz, 
1.8/1.9 GHz). Next, it evaluates the SAR levels generated by these antennas when placed in the proximity of 
the human head. Following this we insert the R-card at various locations in the vicinity of the antenna and 
study the effects of the card on both the SAR level as well as the efficiency of the antenna. We also investigate 
the use of metasurfaces, e.g., high impedance surfaces or HISs, for the same purpose. The study shows that a 
surface which combines the salutary features of both the R-cards and metasurfaces 1s perhaps the most desirable 


solution to the SAR-reduction problem with only a little compromise of the efficiency. 
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Outline 


» Overview of next generation wireless communication systems 
and motivation 


» Analyzed wideband small antenna models and their 
performance in terms of S11, SAR levels and radiation efficiency 


> Overview of implemented SAR-reducing strategies: 


> Metal backings/sheets 

> Resistive sheets (R-cards) 

» Metallic FSS 

» Frequency-dependent solutions 
(FSS / R-card combination) 





» Conclusions 


Mobile frequency bands (United States) 


Current / Planned 


Technologies Previous Technologies Band Frequency (MHz) 
3G, 4G, MediaFLO, DVB-H UHF TV 52-69 (698-806 MHz) 700 698—806 
¡DEN, ESMR CDMA, ESMR LTE | UHF TV 70-83 (806-890 MHz) 800 806-824 and 851-869 
SM, IS-95 (CDMA), 3G AMPS, 15-136 (D-AMPS) 850 824-849 and 869-960 
SM, IS-95 (CDMA), 3G, 4G IS-136 (D-AMPS) PCS — E m — 
1,710-1,755 and 2,110- 
3G, 4G nee 2,155 
4G, 5G BRS/EBS 2,496—2,690 
747-787, 824-960, 1710- 
LTE-Advanced Total bands 2690, 5180-5825 


Frequencies of interest to our multi-band mobile antenna designs: 


LTE band 13: 747+787MHz GSM800/900: 824—-960MHz 
DCS1800: 1710— 1880MHz PCS1900: 1850 — 990MHz 
WCDMA2100: 1920—2170MHz LTE Release 10: —2496— 2690MHz 


Challenges to Smart Mobile Phone 
Antenna Design 












» Antenna size: must be small in order to be able 
to introduce more antennas in one phone 
(MIMO antenna design for high isolation and 
high capacity) 


» Multi-band or broadband antenna designs to 
allow operation in different frequency bands 









Oh my! 
your hand 
> Low-SAR antenna design to comply with FSS's IES 
maximum permissible exposure levels with 


high efficiency 





1.92 


> Low-profile, low-cost, wide-band SAR-reducing 
strategy 


0.528 


..you better 
take a look 
at your 
head my friend! 







IEEE standards: maximum allowed SAR level 


Front, back, and side views of phantom for 
IEEE Std 1528-2003 SAR measurement/assessment 


1528" 


IEEE Recommended Practice for 
Determining the Peak Spatial-Average 
Specific Absorption Rate (SAR) in the 
Human Head from Wireless 
Communications Devices: 
Measurement Techniques 





> a= conductivity (S/m) 
p = mass density (kg/m?) 
E = electric field strength (V/m) 


IEEE Standards Coordinating Committee 34 C R — O El 
Sponsored ; E — 


by the 
IEEE Standards Coordinating Committee 34 p 





FCC Standards: max of mass averaged SAR: 


IEEE 


Published by 
Dnm 
3 Park Avenue, New York, NY 10016-5987, USA 


US, Canada: 1.6 W/kg averaged over 1g of tissue 


EU, Japan, Brazil: 2.0 W/kg averaged over 10g of 
tissue 





8 December 2003 





EM modeling of the Specific Anthropomorphic 
Mannequin (SAM) 
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SAM model 
of head 


200 (mm) 


Antenna 


COC—— o 
0 100 200 (mm) 
0 100 200 (mm) 


Dielectric parameters as a function of frequency 


Frequency (MHz) Relative permittivity e, Conductivity o (S/m) 


300 45.3 0.87 
450 43.5 0.87 
835 41.5 0.90 
900 41.5 0.97 
1450 40.5 1.20 
1800-2000 40.0 1.40 
2450 39.2 1.80 


3000 38.5 2.40 


Analyzed Mobile Phone Antenna Designs 


(3) 


coupling strip 


"2 
teecing pa í y, 


FR4 substrate as system 
circuit board | shoning point 
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Mobile Antenna Design (1) 


SAR levels exceed the 1.6 W/Kg threshold over the higher bands 


f (GHz) 0.76 0.95 2.1 2.3 
1g avg. SAR (W/Kg) 0.75 1.74 2.85 3.5 
Radiation efficiency (%) 5.1 17.9 288 37.1 





in the presence of the head 
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Mobile Antenna Design (2) 
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(far away the user's ear) 


SAR levels exceed the 1.6 W/Kg threshold: 


e Over the entire frequency range when the antenna is at the TOP position 
e Over the lower frequency bands when the antenna is at the BOTTOM position 





Mobile Antenna Design (3) 


SAR levels exceed the 1.6 W/Kg threshold over the higher bands 


FR4 substrate 








SAR Antenna efficiency (96) 




















Kaie (W/Kg) with head 
0.77 1.1 12.3 
œ 1.75 2.3 24.2 
r 1.9 2.4 29.2 
2.1 2.1 30.2 
2.35 1.5 36.8 
2.5 1.4 44.2 
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Challenges to SAR reducing strategy 


> 


> 


The presence of the head/hand and of the SAR reducing sheet can 
change the reflection coefficient of the antenna 


The presence of the head/hand and of the SAR reducing sheet lowers the 
efficiency of the antenna 


SAR-reducing strategy must be wideband (operate over several distinct 
bandwidths), so conventional single/dual-band strategies (AMC, EBG, 
HIS..) can not be employed 


We do not want our SAR-reducing strategy to lower the efficiency of the 
antenna too much, but we must consider that the presence of the head 
already lowers it substantially, and this can not be changed 


The SAR-reducing strategy must be low-profile in order to be embedded 
in the increasingly thin mobile phones 


It must be low-cost 


Employed SAR reducing strategies 


Resistive sheet backings Metal backings/ Frequency Combination of the two 
(R-cards) Selective Surfaces ll SSE 
WI 


FR4 substrate 
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TE we we we a. 


"ec cw «e cv we 
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backing 
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Resistive sheet 





ntenna (3): SAR distribution 


SAR Field[W/kg] 
1. 14740-000 
.0756e+000 
00390 +000 
.3223e-001 
6052e-001 
. 68316-091 
. 17100-001 
45390-091 
.7368e-001 
.0197e-001 
. 30266-091 
.5855e-001 
,8684e-001 
.1513e-001 
.4392e-001 
. 17120-002 
. 89846-096 
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f=770MHz, Peak-SAR=1.1W/Kg 


SAR Field[W/kg] 

. 1430 +000 
.0091:+000 
. 8751000 
. 74126-000 
. 69736-000 
-47336-000 
. 39940-000 
. 20556-000 
-07156+0090 
-37576-001 
-03536-001 
-69596-091 
-35756-001 
-01816-001 
-67880-001 
. 339*e-001 
.2665e-007 


f=2.1GHz, Peak-SAR=2.1W/Kg 
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SAR Field[W/kg] 


f=1.75GHz, Peak-SAR=2.3W/Kg 


2.2954 +000 
2.1519e+000 
z2.0085«e«000 
.8658e «000 
.7215e«000 
.5781e«000 
„$3466 +000 
.2911e«000 
14776+0009 
B84 2e+080 
60772-001 
17316-001 
73056-001 
303% -001 
8692e-001 
45346-001 
$665e -006 
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SAR Field[W/kq] 


¿5026 +000 
. NOS 76 000 
. 31466+8000 
. 22096 +000 
, 1270+000 
,0331e«008 
,3914e-001 
. 45236-001 
.5131¢-001 
57406-001 
. 63490-001 
. 69576-001 
.7566e-001 
,817*4e-001 
.8783e-001 
. 3915e-002 
2.9756e-007 
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f=2.35GHz, Peak-SAR=1.5W/Kg 





SAR Field[W/kg] 


2.*901e«000 
2. 33440000 
17666000 
027576 00 
867601000 
71190-000 
55636-000 
40072 -000 
24500 +808 
BANGO 
3378e-001 
7815e-601 
2252e-001 
66390 -001 
1126e-001 
5563-001 
3.0553e-005 
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f=1.9GHz, Peak-SAR=2.4W/Kg 


SAR Field[W/kg] 


1.3335e«000 
1.3065e«000 
1.21940e+000 
1.13230e+000 
1.0452e+000 
$. 58090-001 
6. 7099-001 
7.8339e-001 
5. 9579-9001 
6.0969e-004 
$.2259c-001 
4. 3549e-001 
3. 4840e-001 
2.6130c-001 
1. 7420e-001 
6. 70996-002 
2. 8950-0089 





f=2.5GHz, Peak-SAR=1.4W/Kg 














Metal backing applied to antenna (3) 


PEC 


backing — 





























SAR (W/Kg) Antenna efficiency (96) 
f (GHz) 
Without PEC With PEC Difference (%) Without PEC With PEC Difference (96) 
0.77 1.1 0.87 -2196 12.3 14.5 +17.8% 
1.75 2.3 1.47 -36% 24.2 26./ +10.3% 
1.9 2.4 1.56 -35% 29.2 32.0 +11.6% 
2.1 2.1 1.43 -32% 30.2 26.9 -10.9% 
2.35 1.5 1.39 -7% 36.8 39.5 +7.3% 
2.5 1.4 1.52 +9% 44.2 48.7 +10.2% 





> For this antenna model, a PEC backing appears to reduce the SAR almost 
anywhere, except at 2.5GHz, where SAR was already low (so it is not a concern) 


> The radiation efficiency is also increased at almost any frequency 





SAR distribution antenna (1) 





Peak 1g-avg. SAR(W/Kg) 





TE 





760 MHz 950 MHz 











2.1 GHz 2.3 GHz 


SAR levels exceed the permissible standards over the high frequency bands (>1.6 GHz), 
and also around 850-900 MHz for this antenna model 


PEC backing applied to antenna (1) 


» After running several parametric analyses varying the size of the 
PEC backing, we found that the model which provides the best 
performance, still is not able to reduce the SAR level below the desired 
threshold around 2.2 GHz 





» [he radiation efficiency does not suffer a substantial degradation at 
high frequency and it is improved at low frequency 








Radiation Efficiency (96) Peak 1g-avg. SAR(W/Kg) 
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Resistive sheet (R-card) applied to antenna (1) 


> After running several parametric analyses varying the size of the R-card as 
well as its resistivity values, we found that the model which provides the best 
performance is able to reduce the SAR level below the imposed limits over the 
entire frequency range 

> The radiation efficiency suffers a substantial degradation over the entire 
frequency range 

» Atrade-off must be found between SAR reduction and efficiency reduction 








Radiation Efficiency (96) : Peak 1g-avg. SAR(W/Kg) 
40 
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Resistive sheet applied to antenna (2): 


We study the effect of varying the size of the resistive sheet and its resistivity on the SAR 
and the radiation efficiency over the low band (0.93 GHz) 


Radiation Efficiency 1g-avg. SAR (W/Kg) 
1 0920 $ Eg) 
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> We observe that increasing the resistivity, always produces a decrease in SAR and in 
radiation efficiency (as expected) 


> Increasing the size of the R-card decreases the SAR level as well as the efficiency 


Resistive sheet applied to antenna (2): 


We study the effect of varying the size of the resistive sheet and its resistivity on the SAR 
and the radiation efficiency over the high band (1.9 GHz) 
































Radiation Efficiency 1g-avg. SAR (W/Kg) 
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> We observe that increasing the resistivity, always produces a decrease in SAR and in 
radiation efficiency (as expected) 


> The effect of increasing the size of the R-card is not monotonic as previously found 


Resistive sheet applied to antenna (2): 


Relative decrease D(%) in SAR and efficiency as R and the size of the R-card are varied 
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RELATIVE DECREASE IN EFFICIENCY (06) 
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The relative decrease in SAR level is lower than that in radiation efficiency, especiall 
low frequency 





Material properties of graphene: 


Because intra-band contribution is the dominant one at microwave frequencies, the 
surface conductivity is represented with Drude-like intraband contribution. 


(o) 2e* KaT |... [ke |] 
UU m h OSAT) opi 





T= 10 sis the relaxation time, 
T is the temperature, 

k, is the Boltzmann constant 

h is the reduced Planck constant 
u. is the chemical potential 


The surface conductivity is strongly dependent on the chemical potential that can be 
adjusted by means of an external electrostatic bias or by Chemical Doping. 


Conductivity and surface impedance of graphene 
for different chemical potential values 
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Radiation Efficiency (96) 
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Graphene sheet applied over the entire screen 
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SAR is reduced, as well as efficiency: will investigate other possible configurations 
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Partially Reflective Surface (PRS) response 


E | o4. magnitude of PRS 















































Reflection in Mag. 





Plastic 
Case 





Ground Feed point 


The response of the FSS shows a level of reflection which decreases over the operating 
band: it behaves almost like a PEC over the low bands (good efficiency with low SAR) and 
its reflecting behavior decreases over the higher bands (PEC backing increases the SAR 


levels at high frequency) 








PRS: fabricated model 
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Ground Feed point 


Fabricated PRS 


PRS on rear layer feeder on Teflon layer 


Partially Reflective Surface (PRS) applied to 
antenna (1) — Su magnitude of antenna 
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FSS/R-card combination applied to antenna (1) 


A nu 








FSS 


FSS printed over substrate | 
already present in the 
phone 





Resistive sheet 


This SAR-reducing strategy has to: 


> Behave like a PEC in the low band (good efficiency with low SAR) 
> Present an R-card behavior at high frequency (low-SAR) 


FSS response 


D - 5mm 
PORT 1 v | 
FSS T o S, [dB] 


~1mm -5t PEC 









-10 
N 
PORT 2 R-card -15 
Sub-PCB (purple), R-card (blue), and FSS (red) -20 1 15 > 25 3 





* When S,,<= -12dB, the FSS is almost totally reflecting and acts like a PEC sheet 


* |n the pass-band, incoming radiation passes through the FSS. If we put an R-card 
underneath, radiation gets absorbed 

* [he FSS-H-card combination acts like a PEC in the low frequency band and like an R-card in 
the pass-band of the FSS exhibiting a frequency-dependent absorbing behavior 





FSS/R-card combination applied to antenna (1) 


Sub-PCB (purple), R-card (blue), and FSS (red) 





Radiation Efficiency (%) 
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Resistive sheet ^. J 


Peak 1g-avg. SAR(W/Kg) 
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The use of an embedded FSS-R-card lowers a mobile antenna SAR level up to 88% it is 
also able to maintain a reasonable efficiency level everywhere and improve it by 62% at 


the lower frequency bands 


Conclusions 


» Several different strategies for reducing SAR have been presented 


» All different antenna models show slightly different SAR levels and 
behaviors with frequency, thus require a dedicated solution. 


>  PEC backings have shown to lower SAR and improve efficiency at low 
frequency; in some cases they do not perform at high frequency 


>  R-card solutions are wideband (are able reduce SAR equally well over all 
frequency bands); however they also reduce efficiency the percentage 
reduction in SAR is higher than the percentage reduction in efficiency 
when we use the R-card. 


» Solutions that present a frequency dependent behavior (i.e., PRS and 
FSS/R-card combinations) appear to provide a better tradeoff between 
SAR level reduction and efficiency preservation 


